), salinities (1, 13, 25 and 37 ppt), temperatures (20, 25 and 30°C), and shrimp wet weight (5, 10, 15 and 20 g). Results showed that under lower salinity, with larger shrimp, and higher stocking density, higher will be the quantity of required 2-HP aerators to keep dissolved oxygen over 50% saturation. In addition, under low salinity, with 5 and 10 g shrimp, independent of stocking density, more aerators per hectare are required and electricity cost is higher at 20°C and salinity 1 ppt. Less aerators and lower electricity cost was observed at 30°C, salinities of 25 and 37 ppt, and shrimp of 15 and 20 g. ), uma simulação foi realizada a fim de determinar o impacto que estas três variáveis juntas têm sobre a aeração de viveiros (1, 10, 50 e 100 ha), estocados com diferentes densidades (10, 40 e 120 camarões m -2 ) em salinidades de 1, 13, 25 e 37 ppm, temperaturas de 20, 25 e 30°C e peso úmido dos camarões de 5, 10, 15 e 20 g. Os resultados mostraram que em salinidades mais baixas, com animais maiores e maiores densidades de estocagem, maior será a quantidade de aeradores de 2 cv necessários para manter o oxigênio dissolvido acima de 50% da saturação. Igualmente, em baixas salinidades e com camarões de 5 e 10 g, independente da densidade de estocagem, mais aeradores por hectare serão necessários, e o custo com eletricidade é máximo em temperatura e salinidade de 20°C e 1 ppm. A menor exigência de aeradores e de eletricidade é obtida a uma temperatura de 30°C, salinidades de 25 a 37 ppm e com camarões de 15 e 20 g. Palavras-chave: aeração, cultivo de camarão, consumo de oxigênio, densidade.
RESUMO. Impacto do consumo de oxigênio do camarão
), uma simulação foi realizada a fim de determinar o impacto que estas três variáveis juntas têm sobre a aeração de viveiros (1, 10, 50 e 100 ha), estocados com diferentes densidades (10, 40 e 120 camarões m -2
Introduction
Intensification of aquaculture in general has caused higher oxygen demand in the culture units and, consequently, in the number of aerators needed to fulfill satisfactorily the organisms demands (BOYD, 1998; HOPKINS et al., 1991) . In the culture environments, the bacterial decomposition of organic matter, which occurs in the sediment, consumes a significant part of the dissolved oxygen available for respiratory processes (AVNIMELECH; RITVO, 2003) . On the other hand, phytoplankton can be pointed out as the main responsible for the consumption of great part of the oxygen in the water (BOYD, 1990; GARCIA; BRUNE, 1991; MADENJIAN et al., 1987) . Low level of water dissolved oxygen is considered to be the major limiting factor in intensive and semi-intensive aquaculture (BOYD; WATTEN, 1989) . Critical concentrations of oxygen can be reached after a massive phytoplankton mortality and subsequent decomposition (CHANG; OUYANG, 1988) . Boyd (1989) reports that the adverse effects of low oxygen concentrations usually result in reduced growth and higher susceptibility to diseases.
The number of aerators per unit of area can be calculated based on water respiration rate (phytoplankton), sediment respiration rate (decaying organic matter), cultured organisms respiration rate, and the Standard Oxygen Transfer Rate (SOTR) of the aerators BOYD, 1992; SANTA; BOYD, 1992) . In more extensive culture systems, shrimp respiration is not significant (MADENJIAN et al., 1987) .
In order to achieve maximum operational efficiency in the culture of several organisms, further to the correct calculation of the number of aerators per unit of area, it is also important to consider the design of the machines (CANCINO et al., 2004; MOULICK et al., 2002) , the aerators positioning according to the format and conditions of the pond (CALLE et al., 2003; NETTO; PETERSON et al., 2001) , the paddle rotation speed of paddlewheel aerators (PETERSON; WALKER, 2002) , and water salinity (BOYD; DANIELS, 1987; FAST et al., 1999; CARVALHO, 2007) .
With the recent advances in intensive shrimp culture (BROWDY et al., 2001; MOSS, 2005; BRUNE et al., 2003; WASIELESKY et al., 2006) , and the shortage of studies addressing the issue of calculating the number of aerators in this type of culture, it is necessary to generate information that contribute to the development of tools useful for this calculation and to chose the aerator most suitable to the conditions. Based on this, the objective of the present study was to analyze the impact of shrimp oxygen consumption, body weight, temperature, salinity, and stocking density on the number of aerators required in Litopenaeus vannamei culture ponds at densities of 10 to 120 shrimp m -2 .
Material and methods
The L. vannamei respiration rate (mg O 2 shrimp
) as a function of temperature, salinity, and wet body weight (Table 1) ). Next, considering the total pond volume (1, 10, 50 and 100 ha; 1 m water column), the pond total oxygen demand (TOD) was calculated by ) and C m is the minimum oxygen concentration allowed (in this case, 50% saturation). Then, the oxygen transfer rate was adjusted to temperatures 20, 25 and 30°C using Equation 4:
Where, OTR T is the oxygen transfer rate adjusted to the simulation temperatures (kg O 2 h -1 ) and T the water temperature (°C).
Once these values were calculated, the required number of aerators for 1, 10, 50 and 100 ha ponds were determined using Equation 5 . Also in function of shrimp oxygen consumption, temperature, salinity, wet weight and stocking density, the total oxygen demand (TOD) varied between 2.08 and 13.3 kg O 2 L -1 (Table 3) . Using data from Tables 2 and 3, it was possible to determine the number of aerators required for culture ponds of 1, 10, 50 and 100 ha, at the stocking densities of 10, 40 and 120 shrimp m -2 , at 20, 25 and 30°C and salinities of 1, 13, 25 and 37 ppt, for wet weights of 5 (Table 4) , 10 (Table 5) , 15 (Table 6 ) and 20 g ( Table 7 ). The Table 8 shows the difference between the number of aerators in the best and worst culture conditions (salinity and temperature) corresponding to each wet weight, stocking density and culture area of 1 to 100 ha. The Table 9 presents the investment (US$) in aerators, also in the best and worst culture conditions (salinity and temperature) in function of shrimp wet weight, stocking density and culture area of 1 to 100 ha. , respectively, in relatively low stocking densities as in semi-intensive cultures, animal's oxygen consumption represents approximately 9% of the pond total oxygen demand; thus, daily oxygen losses are mainly due to pond water and sediment respirations, as previously reported by Santa and Vinatea (2007) .
Regarding the culture systems, a number of authors agree that the oxygen demand increases proportionally with the increase in stocking density (BOYD, 1998; BRUNE et al., 2003) , and it can become critical in cultures with recirculation and/or zero-water exchange (HOPKINS et al., 1995; BROWDY et al., 2001; MOSS, 2005; WASIELESKY et al., 2006) . Nevertheless, studies on oxygen consumption of animals at high densities and aeration requirements are still scarce. According to the simulation results, at a density of 120 shrimp m , shrimp oxygen consumption would be responsible for 36% of the pond total oxygen demand, i.e., four times higher than the value reported by Fast and Boyd (1992) for semi-intensive cultures.
Salinity seems to be a crucial factor for the calculation of the number of aerators because of its impact on shrimp respiration (ZHANG et al., 2006; LI et al., 2007; BETT; , and on the behavior of the SOTR of the aerator used (VINATEA; CARVALHO, 2007; FAST et al., 1999) . In the simulation it was clear that the lower the salinity, higher the number of aerators and electricity consumption, resulting in great operational cost. As recently the possibility of farming marine shrimp in freshwater or low salinity waters has been taken into consideration FITZSIMMONS, 2003; SAMOCHA et al., 2002) , we should keep in mind that besides the mortality problems resulting from poor ionic composition (McGRAW; SCARPA, 2004; SAOUD et al., 2003; VALENÇA; MENDES, 2009) , this type of culture will imply in high investment in aerators and high production costs due to the increased cost of oxygen caused by low Standard Aeration Efficiency (SAE).
Based on the results of this study, the calculation of the number of aerators for extensive, semiintensive and intensive cultures according to shrimp size, stocking density, water temperature and salinity, and SOTR of the aerators as a function of salinity, is relatively reliable. However, field studies are required to confirm and adjust the presented calculations.
Conclusion
We conclude that the calculation of the number of aerators for extensive, semi-intensive and intensive cultures according to shrimp size, stocking density, water temperature and salinity, and SOTR of the aerators as a function of salinity, is relatively reliable.
